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ABSTRACT
We analyse the properties of strongly-barred disc galaxies using the TNG100 simula-
tion, a cosmological hydrodynamical realisation of the IllustrisTNG suite. We identify
270 disc galaxies at z = 0 in the stellar mass range M∗ = 1010.4−11M, of which 40
per cent are barred. Of the detected bars, more than half are strong. We find that
the fraction of barred galaxies increases with stellar mass, in agreement with observa-
tional results. Strongly-barred galaxies present, overall, lower gas-to-stellar mass ratio
compared to unbarred galaxies. The majority of barred galaxies are quenched (sSFR
∼ 10−11.7yr−1), whereas unbarred galaxies continue to be active (sSFR ∼ 10−10.3yr−1) in
the main sequence of the star-forming galaxies. We explore the evolution of strongly-
barred and unbarred galaxies to investigate their formation and quenching history.
We find that strong bars form between 0.5 < z < 1.5, with more massive galaxies
hosting older bars. Strong bars form in galaxies with an early-established prominent
disc component, undergoing periods of enhanced SFR and black hole accretion, pos-
sibly assisted by cosmological inflows. Unbarred galaxies, instead, assemble most of
their mass and disc component at late times. The nuclear region of strongly-barred
galaxies quenches shortly after bar formation, while unbarred galaxies remain active
across time. Our findings are indicative of bar quenching, possibly assisted by nuclear
feedback processes. We conclude that the cosmological environment, together with
small scale feedback processes, determine the chances of a galaxy to form a bar and
to rapidly quench its central region.
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1 INTRODUCTION
Stellar bars are a common feature in the inner parts of the
disc galaxies. They have been observed in more than 30 per
? E-mail: yetli.rosas@dipc.org
cent of massive disc galaxies (M∗ > 1010M) in the local Uni-
verse (e.g., Sellwood & Wilkinson 1993; Masters, et al. 2011).
It is believed that they could play a crucial role in the sec-
ular evolution of disc galaxies (e.g., Debattista, et al. 2004;
Athanassoula, et al. 2005) and also in the dynamical redis-
tribution of gas (e.g., Athanassoula 1992; Romero-Go´mez, et
© 2015 The Authors
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al. 2007; Berentzen, et al. 2007). However, up to what extent
bars are involved in regulating star formation and, if they
do, in which stage of galaxy evolution they become a domi-
nant mechanism in shaping galaxies is still unclear. The real
answer to this might be complex since the dynamics of the
gas is highly sensitive to the local environment of the inter-
stellar medium and to the conditions in which a bar forms
and grows (e.g. Englmaier & Shlosman 2000; Fragkoudi, et
al. 2016).
One powerful way to investigate bar-driven secular evo-
lution in a cosmological context is by studying which is the
fraction of barred galaxies as a function of different galaxy
properties, such as stellar mass or star formation rate. Ob-
servational studies have shown that bars are more frequently
found in massive and red galaxies (e.g., Barazza, et al. 2008;
Masters, et al. 2012; Gavazzi, et al. 2015). In terms of their
evolution, the fraction of disc galaxies with bars declines
rapidly and monotonically from ∼ 0.65 in the local universe
up to ∼ 0.20 at z ∼ 0.8 (Sheth, et al 2008). For instance,
Sheth, et al. (2012), analysing a sample of disc galaxies in the
COSMOS survey, suggest that the steep decline seen could
be due to an evolution in the dynamics of the discs: galax-
ies with a stellar bar are likely to reside in a massive and
cold disc whereas galaxies with a (dynamically) hot disc do
not develop a bar and hot discs are more common at higher
z (e.g., Law, et al. 2012; Pillepich, et al. 2019). They also
note that not all cold and massive disc galaxies have a bar,
thus a secondary process, such as the interaction history of
the galaxy, might be relevant in determining which galaxies
can develop bars. Although there is a consensus about the
evolution of barred galaxy fraction, Erwin (2018) points out
that the observed bar fractions in the local universe, based
on the SDSS and especially in low mass galaxies, could be
underestimated due to a combination of the poor-resolution
and the correlation between bar size and stellar mass, re-
marking that high redshift bar fraction calculations could
also be underestimated.
Another feature seen in observations is the possible con-
nection between the star formation of a galaxy and the pres-
ence of a bar (e.g., Laurikainen, et al. 2004; Jogee, et al. 2005;
Masters, et al. 2010). Using the data set from GalaxyZoo 2,
Cheung, et al. (2013) find that the probability of a galaxy
hosting a bar is anticorrelated with the specific star forma-
tion rate regardless of the stellar mass or bulge prominence.
Similarly, Gavazzi, et al. (2015) identify a threshold in the
stellar mass above which a sharp increase in the fraction of
visually classify strong bars and a concomitant decrease in
the specific star formation rate (sSFR) is observed in the
local Universe1. Such threshold in the sSFR has been found
to increase with redshift2. Gavazzi, et al. (2015) suggest that
strong bars may be responsible for the quenching in star for-
mation observed at high redshift. Strong bars could induce
inflows into the central part of the galaxy producing a star-
burst or feeding the central black hole. As a result, there
1 The increase in the strongly-barred galaxy fraction with mass
has later been confirmed through an automated analysis by Con-
solandi (2016).
2 The limited resolution of the data prevented Gavazzi, et al.
(2015) to check if the same evolution in the mass threshold applied
to the fraction of barred galaxies as well.
is a decline in the central star formation rate. This mecha-
nism is referred to bar-driven quenching. Similar conclusions
are reached by Kim, et al. (2017) who study strongly-barred
galaxies in SDSS and find their star formation activity, on
average, is lower than that of the unbarred galaxies. These
studies have hinted that bar-driven quenching could be one
of the mechanisms for the global star formation quenching in
disc galaxies. However, it is still in debate, since bars could
be dissolved through time and other quenching mechanisms
could be operating simultaneously in the galaxy (George, et
al. 2019).
Idealised simulations of disc galaxies have shed light on
the possible mechanisms that could affect the formation and
evolution of bars. Ostriker & Peebles (1973) observe that
the presence of a dominant spherical component is needed
to prevent the formation of bars in discs. Athanassoula &
Misiriotis 2002; Athanassoula 2003; Martinez-Valpuesta, et
al. 2006 have hinted to different possible mechanisms that
could affect the formation and evolution of a bar in a well-
defined disc galaxy. For example, bars can cause significant
exchanges of angular momentum between the stellar and gas
components (e.g., Athanassoula 2003), during which the gas
inside the co-rotation radius falls into the central region and
prevents the inflow of gas from external regions (Athanas-
soula 1992). Idealised galaxy simulations including feedback,
cooling and star formation (Athanassoula, et al. 2013) have
also found that bars, in the presence of large amounts of gas,
form later and are weaker than in gas-poor galaxies.
Although these studies have been very insightful, they
do not take into account the effect of the large-scale environ-
ment such as interactions with other galaxies and cosmolog-
ical gas inflow. The theoretical study of barred galaxies in a
fully cosmological context has recently been explored with
high-resolution zoom-in simulations of a Milky Way-like halo
(e.g. Scannapieco & Athanassoula 2012; Bonoli, et al. 2016).
In particular, Bonoli, et al. (2016) present the zoom-in simu-
lation ErisBH of a Milky Way-type galaxy which is a sibling
of the simulation Eris (Guedes, et. al. 2011), but includes
subgrid BH physics. Bonoli, et al. (2016) find that the sim-
ulated galaxy forms a strong bar after z 1, and they point
out that the disc in the simulation is more prone to instabil-
ities compared to the original Eris, possibly because of the
early AGN feedback which prevents the bulge from grow-
ing. Spinoso, et al. (2017) extend this analysis in ErisBH
and find that at early stages of bar formation, the bar pro-
duces a strong torque on the gas inside its size, driving gas
inflows towards the central parts (at parsec scales), briefly
enhancing star formation. They also find that the gas can be
removed rapidly by the bar in the inner region, preventing
any further strong star formation (see Zana, et al. 2018a,
2019 for similar analyses).
Currently, it is possible to study the physics behind
driving the evolution of a strongly-barred galaxy population
thanks to the new generation of cosmological hydrodynamics
simulations (Vogelsberger, et al. 2014a; Schaye, et al. 2015).
These new hydrodynamics simulations are able to reproduce
many observables of a galaxy population at low redshift. In
particular, there are some studies focused on the bar pop-
ulation. For instance, Peschken & Lokas (2019), using the
Illustris simulations, have suggested that a large fraction of
bars (∼ 80 per cent) are formed by galaxy interaction events
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and these interactions could also influence in the growth of
the bar under certain conditions.
In this paper, our main goal is to investigate the theo-
retical predictions in the build-up of strongly-barred galaxies
and the star formation quenching in the IllustrisTNG simu-
lations (Pillepich et al. 2018b; Nelson et al. 2018a; Springel,
et al. 2018; Naiman et al. 2018; Marinacci, et al. 2018). Par-
ticularly, we use the simulation TNG100 , which offers the
best compromise between a large cosmological volume and
resolution, and focus on the following questions: what are
the conditions to form a strong bar? and what could possi-
bly drive the quenching on the central region of the strongly-
barred galaxies? By quenching we mean the decline of the
star formation due to any mechanism that expels, prevents,
or consumes rapidly the gas content of the galaxy. In partic-
ular, we want to study the possibility of bar quenching, that
is the role of bar structures in modifying the star formation
and gas properties of galactic discs. We base our analysis on
comparing the conditions between strongly-barred galaxies
and unbarred galaxies before and after a bar instability is
developed.
The paper is structured as follows. In section 2 we give
a brief overview of the IllustrisTNG project, our galaxy disc
sample, our methodology to identify a bar and trace its evo-
lution. In section 3, we concentrate on the properties of the
bar structures z = 0 and compare them with observations.
We also present the properties of barred galaxies at z = 0
and highlight the differences between barred and unbarred
galaxies in terms of star formation. In section 4, we track
down the cosmological evolution of z = 0 strongly-barred
galaxies and contrast them with the cosmological evolution
of unbarred galaxies at z = 0 for a given stellar mass. We
discuss the emerging picture of our results and highlight the
limitation of our analysis in section 5. Finally, in section 6,
we summarise our findings.
2 METHODOLOGY
2.1 Overview of the simulations
The IllustrisTNG (The Next Generation) project (Nelson
et al. 2018a; Naiman et al. 2018; Pillepich et al. 2018b; Mari-
nacci, et al. 2018; Springel, et al. 2018) 3 comprises three
cosmological, gravo-magneto-hydrodynamical simulations of
galaxy formation with different volumes, ranging from 50 to
300 cMpc with different spatial and mass resolutions. The
IllustrisTNG simulations are run with the moving-mesh
AREPO code (Springel 2010) that employs Tree-PM ap-
proach along with a Godunov/finite volume method to dis-
cretise space. The scheme is quasi-Langragian, second-order
in both space and time. The simulations adopt the Planck
cosmology parameters with constraints from Planck Collab-
oration (2016): ΩΛ = 0.6911, Ωm = 0.3089, Ωb = 0.0486,
σ8 = 0.8159, h = 0.6774 and ns = 0.9667 where ΩΛ, Ωm
and Ωb are the average densities of matter, dark energy and
baryonic matter in units of the critical density at z = 0, σ8,
the square root of the linear variance, h is the Hubble pa-
rameter (Ho ≡ h 100kms−1) and ns is the scalar power-law
3 http://www.tng-project.org
Table 1. Main information of the TNG100 simulation. From top
to bottom: Name of the simulation, box side length, the number of
initial total particles that includes dark matter particles, gas cells,
initial mass of the gas cell and of the dark matter particles, the
proper minimum softening length allowed to gas cells, the proper
softening length to DM and stars at z = 0 and the comoving
softening length enforced.
Name TNG100
L [Mpc] 110.7
N 2 × 18203
mg [M] 1.39 × 106
mDM [M] 7.49 × 106
gas,min [pc] 185
DM,stars,0 [kpc] 0.74
DM,stars,z [ckpc] 1.48 to 0.74
index of the power spectrum of primordial adiabatic pertur-
bations. The initial conditions of the simulation suite are
set to z = 127 using Zeldovich approximation and include a
uniform magnetic seed field with a comoving field strength
of 10−14 Gauss. In this paper, we focus on the simulation
TNG100 that has a comoving volume of (110.7)3cMpc3. The
setup of the simulation is provided in Table 1.
2.1.1 Subgrid physics of galaxy formation
The subgrid physics of IllustrisTNG is partly based on its
predecessor, Illustris (Vogelsberger, et al. 2014a; Vogels-
berger, et al. 2014b; Genel et al. 2014; Nelson, et al. 2015; Si-
jacki, et al. 2015). Significant modifications have been made
to star formation feedback (winds), the growth of supermas-
sive black holes, Active Galactic Nuclei (AGN) Feedback,
stellar evolution and chemical enrichment. A complete de-
scription of the improvements in the subgrid physics and
calibration process can be found in Pillepich et al. (2018a)
and Weinberger et al. (2017). A summary of the improve-
ments with respect to Illustris is shown in Table 1 of Pillepich
et al. 2018a. Here, we enumerate the key physical processes
relevant to this work.
Gas radiative mechanisms are implemented with pri-
mordial and metal line cooling and heating with a time-
dependent ultraviolet background field from stars and lumi-
nous AGN. Star formation in the dense interstellar medium
is treated stochastically following the empirical Kennicutt-
Schmidt relation. Each star particle represents a population
of stars with the same birth time following a Chabrier initial
mass function. The stellar evolution is modelled in order to
calculate chemical enrichment and mass expelled into the in-
terstellar medium due to AGB stars, SNIa and SNII. In the
simulation, the evolution and production of nine elements
(H, He, C, N, O, Ne, Mg, Si, Fe) are individually tracked.
Stellar feedback is modelled by galactic-scale outflows.
Wind particles are launched directly from star-forming gas
with an initial wind speed that scales with the local dark
matter dispersion, a dependency of redshift and limited to
a minimum wind velocity value. The wind particles are
isotropically ejected. The wind mass-loading is determined
from the available SN energy with a small fraction that is
removed thermally. The wind mass-loading also depends on
the metallicity of the star-forming gas cells.
MNRAS 000, 1–20 (2015)
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Supermassive black holes are formed in massive haloes
with initial black hole mass of 1.18×106M, allowed to grow
via two growth channels: BH mergers and gas accretion.
Black holes are Eddington-limited and allowed to accrete
at the Bondi accretion rate.
There are two modes of AGN feedback: thermal quasar
mode that heats the gas surrounding the BH and at high
accretion rates and a kinetic wind mode that produces a
wind at low accretion rates. The black holes are allowed
to switch from quasar to wind mode if the Eddington ratio
falls to a threshold value (set to ∼< 0.1) that depends on a
power law of the black hole mass. The feedback energy in
the quasar mode is released continuously as thermal energy
into the surrounding gas given by ∆E = 0.02 ÛMc2∆t. In the
wind mode case, the energy release is kinetic and injected
as a kick into the surroundings given by ∆E =  f ,kin ÛMc2∆t
where  f ,kin ∼< 0.2, decreasing towards high densities.
AGN feedback has the ability to weakly affect to its
surroundings. The model of AGN feedback described above
has been shown to be responsible for the quenching of galax-
ies at intermediate and high mass haloes (Weinberger, et al.
2018) and for the emergence of the red passive galaxies at
late times (Nelson et al. 2018a).
2.1.2 Galaxy Identification
Galaxies and their haloes are identified as bound substruc-
tures using the SUBFIND algorithm (Springel 2001) and
then are connected overtime by the Sublink merger tree
algorithm (Rodriguez-Gomez et al. 2015).
2.2 Parent disc-galaxy sample
We concentrate our study on disc-dominated galaxies and
with a large enough number resolution elements so that the
different morphological components (such as discs, bulges
and bars) and their internal structure can be studied with
high accuracy. We start thus imposing a low stellar mass
cut of 1010.4M (within 2r50,∗ where r50,∗ is the stellar half-
mass radius) which results in more than 2500 galaxies in
the TNG100 simulations. To identify disc galaxies, we use
the kinematic bulge-to-disc decomposition provided by the
IllustrisTNG team, as described in Genel et al. (2015), which
follows Marinacci, et al. (2014) and Abadi, et al. (2003). In
this algorithm, for each stellar particle within 10r50,∗ the
circularity parameter is defined as
 =
Jz
J(E), (1)
where Jz is the specific angular momentum of the particle
around the symmetry axis and J(E) is the maximum specific
angular momentum possible at the specific binding energy
of each stellar particle. Stellar discs particles are defined to
be the ones with  > 0.7, while the bulges are defined as
twice the fraction of star particles with a circularity param-
eter  < 0 that, for the TNG100 simulation results in more
than 300 disc galaxies. Note that Naiman et al. (2018) find
a higher number of Milky way disc galaxies (∼ 800) in the
same simulation because the authors impose a minimum cut
in halo mass instead of stellar mass, that includes a signif-
icant number of galaxies with a stellar mass smaller than
the mass cut (1010.4M) imposed here. We notice that not
all galaxies have a clear morphological classification, with
a large number of stellar particles not belonging to either
the bulge or disc. Those are mainly galaxies in an unrelaxed
state. Given that our goal is to study stable bar structures
and their secular effects on the host galaxies, we decide to
limit our analysis to galaxies with a well-defined morphol-
ogy. We thus include in our parent sample only galaxies with
(D/T +B/T) ≥ 0.7 where D/T is the stellar disc-to-total mass
ratio and B/T is the stellar bulge-to-total mass ratio. Fi-
nally, we select as disc-dominated galaxies the ones with
D/T ≥ 0.5. We also try other apertures to define morphol-
ogy, such as all the stellar particles in the halo and 2r50,∗,
finding similar results.
After these cuts, we end up with a parent sample of 270
disc-dominated galaxies of which 213 are centrals and the
rest are satellites. Fig. 1 shows the distribution of B/T and
D/T ratios of this parent disc-galaxy sample. By construc-
tion, the D/T ratios are above 0.5, with a median close to 0.6.
Bulges are relatively small, with typical B/T ∼ 0.15. Barred
galaxies (see subsection 2.3) follow a similar morphology dis-
tribution, so we do not find a systematic preference of mor-
phology for barred galaxies. We refer to Huertas-Company,
et al. (2019); Rodriguez-Gomez, et al. (2019); Tacchella, et
al. (2019) for preliminary analysis of the morphologies of the
TNG100 galaxies. In their study, Tacchella, et al. (2019)
find reasonable agreement with a number of observational
relations for both disc and bulge-dominated galaxies that
include PanStarrs and SDSS low-redshift galaxies. (note,
however, that their morphological classification gives slightly
larger bulge fractions that the one we use here).
2.3 Bar sample
We identify stellar bars by Fourier decomposing the face-on
stellar surface density (e.g.,Athanassoula & Misiriotis 2002).
We calculate A2 as the ratio between the second and zero
terms of the Fourier expansion:
A2(R) =
|Σjmje2iθ j |
Σjmj
, (2)
where mj is the mass of the jth particle, θ j is the angular co-
ordinate on the galactic plane. The summation is performed
over stellar particles within a cylindrical shell of radius R,
coaxial to the centre of the galaxy, and width dR that in this
case is 0.12 kpc. We take as a proxy for the strength of the
bar the maximum of A2 (A2,max) and the location at which
the maximum is reached is assumed to be the length of the
bar (rbar). We also ensure that the phase of the m = 2 mode,
Φ(R), is constant within the extent of the bar, being Φ(R)
defined as:
Φ(R) = 1
2
arctan
[
Σjmjsin(2θ j )
Σjmjcos(2θj)
]
, (3)
where the summation is done in coaxial cylinders with radius
R and width dR from the centre of the galaxy. In Fig. 2 we
present an example of the radial profiles of A2 and its phase
for a strongly-barred and an unbarred galaxy in the simula-
tion. The cumulative profiles of A2 (A2,tot = A2(< R)) and its
phase, are also shown for reference. Note that A2,tot could be
smaller than A2 because both are normalised by the zeroth
term of the Fourier expansion. We also show, for reference,
the radii at which A2 peaks (rbar) and within which the phase
MNRAS 000, 1–20 (2015)
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Figure 1. Distribution of B/T and D/T for TNG100 galaxies calculated within an aperture of 10R50,∗.The black solid lines show the
distribution of the parent-disc galaxies while the blue and orange solid lines correspond to the galaxies with strong and weak bars in
the parent-disc galaxies, respectively. The black vertical lines correspond to the median values in B/T and D/T distributions for the
parent disc galaxies, the orange dash lines to the medians in weak bars and the blue dotted lines to the median in strong bars. The figure
highlights that disc galaxies present low values of B/T .
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Figure 2. An example of a strongly-barred and an unbarred galaxy with the same stellar mass (∼ 1010.7M) in the TNG100 simulation.
Top left: In the upper panel, the A2 profile of the Fourier decomposition of the face-on stellar surface density (green curve) and its
cumulative distribution, A2, tot. In the lower panel, the corresponding profiles of the phase, as defined in equations 2 and 3. The vertical
solid, dashed and dotted lines indicate, respectively, the location of the peak of A2, of A2, tot and the maximum radius where the phase of
A2 remains constant. The first is used as a proxy for the bar length,rbar. Bottom left panel: Similar to Top left panel but for an unbarred
galaxy. Middle panels correspond to the face-on stellar surface density map of 20 × 20 × 4 kpc centred on each barred and unbarred
galaxy. Right panels: mocked images in JWST NIRCam F200W, F115W, and F070W filters (face-on) calculated in Nelson et al. (2018a).
The NIRCam blue channel highlights the young population of the galaxy and the NIRCam red channel older populations.The images
show the strongly-barred galaxy is quenched (sSFR∼ 10−12 yr−1) whereas the unbarred galaxy is still forming stars (sSFR∼ 10−11 yr−1).
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of A2 remains constant (rΦ). These have been used in the lit-
erature as alternative proxies for the bar length. Clearly, the
Fourier decomposition of the face-on stellar densities of the
two galaxies shown in Fig. 2 are extremely different, with the
galaxy on top featuring an A2 strength typical of strongly-
barred galaxies, while the one shown in the bottom panels
does not present any signature of a bar structure. The differ-
ences in the inner stellar structures of the two galaxies can
be visually appreciated in the middle and right panels. Here,
we show, respectively, the face-on stellar densities maps of
the two galaxies and mock images from Nelson et al., (2018a)
calculated for the NIRCam f200W, f115W, and F070W fil-
ters (dust not included).
We apply the above Fourier analysis to all galaxies in
the parent disc-galaxy sample, and select all galaxies with
bar features, defining a galaxy as barred if A2,max ≥ 0.2,
rbar > 1kpc and Φ(< rbar) = const. We then divide the parent
disc-galaxy sample into three subsamples:
• strong-bar sample: disc galaxies with A2,max ≥ 0.3
• weak bar sample: disc galaxies with 0.2 ≤ A2,max <
0.3
• unbarred sample: all remaining disc galaxies.
In total, we identify 107 barred galaxies of which 59
have a strong bar and 48 have a weak bar. In the remainder
of the analysis, we do not distinguish between central and
satellite galaxies but we note here that 81 of the barred
galaxies are centrals of which 57 are strong bars and 24 are
weak bars. We note that almost half of the weak bars were
recently formed (∼ 0.16Gyr, i.e. one output before the end
of the simulation). Thus, we can not asses whether they are
a stable or transient feature.
While the spatial and temporal resolution of the
TNG100 simulation does not allow to study in full details
the onset of the dynamical instabilities that lead to the for-
mation of the bar, we can still trace the evolution of the
bar strength and length back in time, to determine when
the bar begins to be a stable dynamical feature in the host
galaxy. While some fluctuations due to disturbances and mi-
nor mergers do happen, we find that, generally, the strength
and length of the bars increase smoothly with time. Figure
3 shows an example of the evolution of the bar strength and
length for a typical strong bar. The vertical dotted line in
this example indicates the lookback time that we take as a
proxy for the age of the bar. Specifically, we define as the
age of the bar, tbar, the lookback time (tlookback) at which the
two following conditions are satisfied:
(i) A2,max(tlookback) ≥ 0.2 for tlookback < tbar
(ii) |(A2,max(tbar) − A2,max(tbar − ∆t))/A2(tbar)| < 0.4, where
∆t corresponds to the time elapsed between the output when
the bar forms and two previous outputs of the simulation.
∆t takes values of ∼ 300 Myrs.
The first condition ensures that the bar is a stable feature,
while the second one helps to set the time at which the bar
is stable and not anymore a transient component subject to
strong fluctuations.
0.0
0.5
1.0
A
2
,m
a
x
GalID = 0441141 tbar
0.02.55.07.510.012.5
tlookback[Gyr]
0
2
4
r b
a
r[
k
p
c]
Figure 3. The evolution of the strong bar shown in Fig. 2 hosted
in a TNG100 disc galaxy. Its strength (top panel) and its length
(bottom panel) increase for decreasing lookback time, (tlookback),
as long as tlookback < tbar, where tbar marks the time of bar forma-
tion, highlighted by the vertical dotted line in the figure.
2.4 Defining tnorm
To aid in establishing the potential effect of bars in the evo-
lution of their host galaxies in section 4, we introduce tnorm,
defined as the normalised time since the bar formation i.e.,
tnorm = (tbar − tlookback)/tbar, (4)
where tbar is the bar age as defined above and tlookback the
lookback time. This time definition allows us to highlight the
bar effects on the properties of their host galaxy. tnorm = 0
corresponds to tlookback = tbar, whereas tnorm = 1 corresponds
to z = 0 (tlookback = 0). Negative values of tnorm correspond to
times prior to the appearance of the bar and positive values
of tnorm refer to times after the bar is already formed.
2.5 Constructing a control sample of unbarred
galaxies
To determine the significance of bars in the evolution of
disc galaxies in section 4, we also require a control sample
of unbarred disc galaxies. The control galaxies are selected
to have similar masses of barred galaxies at z = 0 and to
be unbarred (A2,max ≤ 0.2). To match barred to unbarred
galaxies, we consider three stellar mass bins at z = 0, from
1010.4−11M and with a 0.2 dex width in M∗. When we track
the cosmological evolution of barred galaxies, we also study
the history of the control sample. To do so, for any given
property analysed for the progenitors of barred galaxies, we
calculate the median property of the progenitors of the con-
trol sample galaxies at all the times considered, as is shown
in Fig. 4. Also, when we analyse a given property within
the bar length, we calculate the median property of the un-
barred galaxies within all the bar extents and at all the times
examined for the strongly-barred galaxies.
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Figure 4. Representation of the construction of the control sam-
ple of unbarred galaxies at z = 0. For each z = 0 strongly-barred
galaxy with a stellar mass M , we select a sample of unbarred
galaxies with a stellar mass between M − ∆M and M + ∆M at
z = 0. We compare the properties of the main progenitors of the
control sample to each strongly-barred galaxy for the same val-
ues of tnorm where tnorm is calculated for each single strongly-barred
galaxy (see eq.4).
3 THE POPULATION OF BARRED
GALAXIES AT Z = 0
In this section, we present the properties of the bar sample at
z = 0. We start with global properties of the bars themselves,
and then move on to the properties of the host galaxies.
3.1 Properties of the bar structures
In Fig. 5 we show the distribution of the strengths and
lengths of the bars of our entire sample of barred galax-
ies. Most of TNG galaxies have bar strengths between 0.2
and 0.4 with a median strength of ∼ 0.3. As commented
above, we consider as strong bars all the structures with
A2,max ≥ 0.3. The bar lengths span between 1 and 6 kpc,
with a median of 3 kpc4. Comparing the bar lengths in each
sample, there is no significant difference between the length
of strong bars and weak bars. In our analysis, with the num-
bers presented in subsection 2.3, we find that 40 per cent of
our disc galaxy sample is barred, with 22 per cent having a
strong bar and 18 per cent presenting a weak bar. Such bar
fractions are consistent with the observational estimations
obtained using SDSS, that span between 30 per cent and
52 per cent (Barazza, et al. 2008; Nair et al. 2010). These
fractions at z = 0 are also broadly consistent with the theo-
retical works of Algorry, et al. (2017) and Peschken & Lokas
(2019) who analyse the EAGLE simulation and the Illus-
tris simulation, respectively. Peschken & Lokas (2019) find
lower bar fraction of the order of 20 per cent whereas Algo-
rry, et al. (2017) find similar bar fraction (∼ 40 per cent) in
a stellar mass range slightly higher than the one used in this
work. Observationally, there seems to be some indication of a
dependence of the bar fraction with stellar mass. Cervantes-
Sodi, et al. (2015), for example, present a sample of late-type
galaxies from the SDSS-DR7 where bars are detected by vi-
sual inspection. They find an increasing trend in the bar
4 The steep decrease at small radii, could be due to the limited
resolution of the run, that does not allow for the formation of
sub-kpc scale bars.
fraction with stellar mass. Also Gavazzi, et al. (2015), using
a sample of star-forming galaxies from ALFALFA in the re-
gions of the Local and Coma superclusters, find an abrupt
increase in the strong bars with mass for visually identified
strong bars. In the top left panel of Fig. 6 we show how the
bar fractions that we recover depend on stellar mass. We find
an increase of bar fractions with increasing stellar mass, in
particular for strongly-barred galaxies, in rough agreement
with the observational data. Note, however, that this is a
qualitative comparison of our results with the observations
in the local Universe. A more detail comparison is needed
that accounts for potential effects of galaxy selection, galaxy
morphology criteria and methods of bar identification for
each observational data and the simulation.
The increasing trend in the bar fraction with stellar
mass (at least for the strong bars) could be naturally ex-
pected if the discs in massive galaxies become dynamically
cold earlier than those in less massive ones, as discussed
by Sheth, et al. (2012). The authors analyse a sample of
disc galaxies in the COSMOS survey and find that the
bar fraction declines with increasing redshift from z = 0 to
z = 0.84 and this change is larger in their lowest mass galax-
ies (M∗ ∼ 1010M). They suggest that lower mass galaxies
may not form bars because they could be dynamically hotter
than more massive systems, due to differences in the assem-
bly histories. In line with this interpretation, we find, despite
the large scatter, a positive correlation between bar age and
stellar mass for the strong-bars sample, with bars in more
massive galaxies being older, as shown in the right panel of
Fig. 6. To make sense of the bar ages, we mention that more
than 10 per cent of the strong bars are already in place by
z ≈ 1.5 (10 Gyr ago) and more than ≈ 50 per cent of them
already formed by z ∼ 0.5 (3.75 Gyrs ago). Bars in smaller
galaxies, instead, have all formed after z = 1. In the case
of weak bars, overall, we find that they formed later with a
median age of ∼ 2.3 Gyr (z = 0.2).
The extent of the bar also seems to be connected to the
host galaxy, existing a relation between the bar length and
the size of the galaxy. Gadotti (2011), for example, analyses
a sample of 300 barred galaxies in the local universe and
studies the relation between bar length (defined as either
the radius that contains half of the light coming from the
bar, or as the bar semi-major axis) and galaxy size (defined
as either the disc scale length h or r90,∗, which is the radius
containing 90 per cent of the total light). The author finds
that bar length correlates with galaxy size independently
on the definitions used. In Fig. 7 we show the predictions
of TNG100 for this relation using r90,∗ and rbar and how
our results compare with the observations. Overall, we see
that the sizes of our bars are consistent with the ones from
Gadotti (2011), although we do not find a significant cor-
relation with galaxy size (regardless of the definition of rbar
that we use). We notice that the range of galaxy masses,
sizes and bar extents is wider (M∗ ≥ 1010M, r90,∗ = 1 − 23
kpc and rbar = 0.6 − 9.17 kpc) in the observed barred-galaxy
sample than used in this work (M∗ ≥ 1010.4M, r90,∗ = 4−26
kpc and rbar = 1−6 kpc). Interestingly, Algorry, et al. (2017),
using a barred sample from the EAGLE simulation, also did
not find a correlation between the bar length with galaxy
size. Such a lack of significant correlation in both simula-
tions could be a possible effect of the resolution. We will
explore more in detailed the effects of resolution in this cor-
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Figure 5. Top panel : The bar strength distribution for the par-
ent disc-dominated galaxies for TNG100 galaxies. Bottom panel:
The distribution of the bar lengths, rbar (solid lines), for the
TNG100 galaxies breaking into weak and strong bar samples.
relation in future work using the higher resolution Illustris
simulation TNG50.
3.2 Properties of barred galaxies
After their buildup, bars are expected to influence the evo-
lution of their host galaxies. It is believed that bars play an
important role in the redistribution of stars and gas (e.g.,
Athanassoula 1992) and, therefore, in influencing the star
formation of the galaxy (e.g., Gavazzi, et al. 2015). More-
over, bars could be responsible for AGN triggering, although
it has been suggested that most of the AGN activity could
take place during the bar formation when a clear strong bar
is hardly observable (see the discussion in Fanali, et al. 2015
and references therein).
Upon formation, it is expected that bars interact with
the gas disc producing a net torque between the bar (a per-
turbation) and the gas. As a consequence, an exchange of
angular momentum and energy takes place between them.
It is expected that cold gas is more prone to be affected by
the bar. If so, the net torque could funnel gas into the central
part of the galaxy, producing a rapid star formation burst,
and possibly also feeding a central supermassive black hole.
As a consequence, disc galaxies with strong bars will burn
their gas reservoirs more rapid than their unbarred counter-
parts. This should be somehow reflected in the properties of
the gas, especially in the specific star formation rate-stellar
mass diagram.
In the last part of this section, we precisely look at the
properties of the galaxies hosting bars, comparing them with
the ones of unbarred systems, to see if we can get some hints
on the role of bars in driving galaxy evolution. On top of
stellar mass, one of the most fundamental properties of a
galaxy is its level of star formation. Just by looking at the
stellar light mock images of a barred and an unbarred galaxy
with similar stellar (∼ 1010.7M) and black hole masses
(∼ 108.2M) shown in Fig. 2, it is clear that the two galax-
ies have different stellar populations. The blue channel from
NIRCam (F070W) in the mock images emphasises the young
population whereas the red channel (F200W and F115W)
the older stellar population. The unbarred galaxy presents
a high level of star formation, with clumpy star-forming re-
gions distributed all across the galaxy and the spiral arms.
The barred galaxy, instead, is closer to quiescence.
In the left panel of Fig. 8 we show the specific star for-
mation rate (sSFRs)- stellar mass plane for weak, strong
and unbarred disc galaxies where the SFR and stellar mass
are calculated inside 2r50,∗. The solid lines with thick mark-
ers and error bars represent the median of each sample and
the 20th and 80th percentiles. The diffuse symbols represent
each galaxy in its sample. We include as contours the star-
forming galaxies in the simulation with a stellar mass larger
than 1010.4M and sSFR≥ 10−14yr−1. The figure shows that
at lower stellar masses (∼< 1010.6M) most of the galaxies are
found in the blue cloud of star-forming galaxies. However,
for larger stellar masses, the barred disc galaxies (blue and
orange lines) approach the red sequence, typical of quenched
systems, also in comparison with the unbarred disc sample.
Overall, unbarred galaxies present sSFR∼ 10−10.3 yr−1 and
strongly-barred galaxies sSFR∼ 10−11.7 yr−1.
It is worth mentioning that the IllustrisTNG simula-
tion roughly reproduces many observables important for the
current investigation in the local Universe such as galaxy
sizes (Genel, et al. 2018), the star formation rate density
across time and the galaxy stellar mass function at z = 0
(Pillepich et al. 2018a). In particular, Nelson et al. (2018a)
show that the simulation reproduces the galaxy colour bi-
modality of blue galaxies and red galaxies observed at low
redshift and compare it to the observed galaxy distribution
from the SDSS.
The drop in star formation in massive barred disc galax-
ies is linked to a drop in the gas content of the barred galax-
ies. The right panel of Fig. 8 shows the median gas fraction
(Mg/M∗) as a function of stellar mass for no bars, strong
and weak bars. The gas-to-stellar mass ratio is about 1/3
for the unbarred disc galaxies (green line), and it is fairly
constant with stellar mass. On the other side, the strongly-
and weak-barred galaxies present much lower gas-to-stellar
mass ratios, and the fractions decrease with increasing stel-
lar mass, becoming up more than 1 dex lower than those
presented by their unbarred counterparts in the most mas-
sive galaxies in our sample.
The lower gas-to-stellar mass ratio in strongly-barred
galaxies is in rough agreement with observational estimates.
For instance, Cervantes-Sodi (2017), using a barred galaxy
sample selected from SDSS and studied with the ALFALFA
survey, find that the fraction of strong bars increases with
decreasing HI-to-stellar mass ratio for a given stellar mass.
Similarly, Masters, et al. (2012) point out a residual anti-
correlation between the bar fraction and the HI-to-stellar
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Figure 6. Left panel : The bar fraction as a function of stellar mass for the barred galaxy sample in the TNG100 simulation, and separated
into weak and strong bar sample. The markers show observational estimates from Cervantes-Sodi, et al. (2015) (CS15, triangles), who use
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Figure 7. The bar lengths in TNG100 barred galaxies as a func-
tion of r90,∗ where r90,∗ is the radius containing 90 per cent of
the total light. Symbols are colour-coded according to the stellar
mass of the host galaxy. Stars represent weak bars and triangles
strong bars. Observational estimates from Gadotti (2009) for disc
galaxies with a stellar mass larger than 1010.4M are included as
grey filled hexagons. Observed disc galaxies below this threshold
correspond to grey empty hexagons.
mass ratio using Galaxy Zoo combined with the ALFALFA
survey, after accounting for dependencies with galaxy stellar
mass and colour.
The fact that bars in the local Universe are more likely
to be hosted by galaxies with low gas-to-stellar ratios and
quenched star formation has been interpreted in the litera-
ture under two different scenarios: (1) the bar is most likely
to form and to rapidly grow in disc galaxies that are gas-
poor (e.g., Athanassoula, et al. 2013) or (2) the bar has a
strong role in redistributing gas within the galaxy, leading to
bursts of star formation and finally leaving the host galaxy
quenched and gas-poor (e.g., Cheung, et al. 2013; Gavazzi,
et al. 2015). To explore these two scenarios, in the follow-
ing section we study the evolution of galaxies hosting strong
bars across cosmic time and compare it to the evolution of
a control sample of unbarred galaxies.
4 THE EVOLUTION OF THE
STRONGLY-BARRED GALAXIES
In this section we explore the cosmological evolution of
strongly-barred and unbarred disc galaxies at z = 0, focus-
ing on both the bar properties and the galaxy properties.
We exclude weak bars since, as we have seen earlier, a large
fraction of such structures are not fully assembled and their
properties might be affected by the limited resolution of the
simulation. We start with a qualitative exploration, by in-
specting visually the evolution of one strongly-barred and
one unbarred galaxy. We then look into the evolution of
the strength and length of the strong bars and the connec-
tion with the star formation rate of the host galaxies. We
then move to a more detailed analysis of the evolution of
the galaxy properties, finishing with a study of the merger
histories of the two classes of galaxies.
4.1 Study case: The evolution of a
strongly-barred and an unbarred galaxy
To have a sense of the differences in the evolution between
barred and unbarred galaxies, we start with a qualitative
exploration of the properties of two emblematic disc galax-
ies with a similar stellar mass and black hole mass at z = 0.
Fig. 9 shows the face-on surface density of the stellar, gas
and star-forming gas components at different redshifts (from
z = 1.35 to z = 0) for the barred galaxy already shown as an
example in Fig. 2. From the A2 analysis at different snap-
shots (see Fig. 3), we determine that the bar of this galaxy is
already in place at z ∼ 1 (labelled as tnorm = 0 in the maps).
With time, the bar increases both in length and strength,
as visible in the stellar density maps (top panels), and, by
z ∼ 0.5, the bar has a A2,max > 0.3, becoming one of the
strongest bars in the simulation. The central circles in the
maps correspond to 2 kpc at times prior to the bar formation
(tbar(tnorm = 0)) or the bar extent at each time. Regarding the
gas component (middle panels), the gaseous disc seems to
be well defined at early times, with a high concentration of
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Figure 8. Left panel: The sSFR as a function of stellar mass for TNG100 galaxies. The solid lines and markers represent the median
relation for the weak, strong and no bar disc-galaxy samples, as specified in the legend. Diffused markers correspond to each galaxy. Grey
contours and diffuse density map represent all the galaxies in the TNG100 simulation. The figure highlights the differences in SF activity
between barred and unbarred galaxies. Right panel: The gas-to-stellar mass ratio as a function of stellar mass for our three different
samples. The plot shows that for a given stellar mass, galaxies with strong and weak bars tend to have less gas than their unbarred
counterparts.
gas in the central part. Correspondingly, the galaxy displays
high levels of star formation (bottom panels), mainly con-
centrated in the central region and in the spiral arms. Once
the bar is fully settled, the gas content decreases, especially
in the central part and, by z = 0.5, the galaxy nucleus is de-
pleted of gas. Star formation continues at larger radii with-
out any abrupt change, slowly decreasing with time, so that
by z = 0 the entire galaxy is quenched, as a consequence of
the decreased cosmological inflow of pristine gas onto the
already formed galaxy (see also the discussion in Gavazzi,
et al. 2015).
In contrast, Fig. 10 shows the face-on surface density
of the stellar, gas and star-forming gas components of an
unbarred galaxy at the same redshifts as in Fig. 9. The ex-
tended stellar disc of this galaxy forms at later times than
the disc of the barred galaxy. The growth is fostered by a
minor merger happening shortly after z ∼ 1, as can be seen
also in the gas maps (middle row). Star formation (bottom
panels) becomes more significant through the disc and along
the spiral arms and starts decreasing at very late times, at
a much slower rate in comparison to the strongly-barred
galaxy. In particular, the central region of the barred-galaxy
is already quenched and depleted of gas already at z ∼ 0.5,
while the unbarred galaxy still contains star-forming gas at
z = 0.
This qualitative analysis is already showing important differ-
ences in the history of barred and unbarred galaxies at z = 0.
In the next subsections, we quantify these differences using
our complete disc samples of strongly-barred and unbarred
galaxies.
4.2 Evolution of bar structures
To determine how our results depend on galaxy mass, from
now on we will analyse both strongly-barred and unbarred
galaxies at z = 0 in three stellar-mass bins, 1010.4−10.6M,
1010.6−10.8M and 1010.8−11M, based on the stellar mass
content (within 2r50,∗) at z = 0. Given that we analyse the
properties of strongly-barred galaxies as a function of tnorm
(the normalised time since the bar formation), for the un-
barred galaxies we will take the median properties of the
galaxies at all the different times considered for the strongly-
barred sample (see subsection 2.5).
Fig. 11 shows the median evolution of the bar strength
(first row) and the bar length (second row) in terms of tnorm,
with each column corresponding to a stellar-mass bin. The
figure shows that, overall, the bars grow in strength and in
length with time. However, there is no clear relation between
the bar strength and stellar mass, nor between the bar length
and galaxy mass. Only the bar age seems to be mildly de-
pendent on stellar mass, as we have shown in Fig. 6. Thus,
the final size of the bars seems to be not correlated with the
time of formation.
The last row of Fig. 11 shows, instead, the evolution
of the median star formation rate (SFR) at three different
galaxy radii: 2, 5 and 10 kpcs. The strongly-barred galax-
ies present high SFR during the phases of bar formation.
Once the bar is fully established, the SFR starts to de-
crease rapidly in time, especially for the central part of the
strongly-barred galaxies (purple solid lines). This occurs for
all the stellar mass bins, but the drop is more pronounced
for the most massive galaxies (right column of Fig. 11). We
also include the SFR evolution within the same apertures
for the unbarred galaxies (dashed lines in Fig. 11). The typ-
ical SFR of unbarred galaxies shows a much different time
evolution: it is lower than the one of barred galaxies at early
epochs (tnorm < 0), but, unlike the barred galaxies, the de-
crease in their star formation history is more gradual at all
apertures. By z = 0 (tnorm = 1), unbarred galaxies are still
star-forming, while barred galaxies are quenched, as we have
already shown in Fig. 8. The striking differences in the evo-
lution of the SFR for barred and unbarred galaxies seem to
be consistent with a scenario of bar formation via instabili-
ties in periods of high star formation rates and once the bar
is settled, bar-driven quenching could operate which we will
further discuss in section 5.2.
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Figure 9. The evolution of a strongly-barred galaxy at z = 0 in the TNG100 simulation. Each row shows the time evolution of different
galaxy components via face-on surface density maps of the stars (top panels), the gas component (middle panels) and SFR (lower panels).
Maps are obtained from slices of 20 × 20 × 4 kpc. The bar is in place by z ∼ 1 (tnorm = 0, second column), and keeps growing in length and
strength. The central circle indicates the bar length, defined to be the maximum of A2 at each time. At times before the epoch of bar
formation, the central circle has a radius of 2kpc. As the bar strength increases, the gas content in the central part decreases and so does
the SFR. By z = 0 the galaxy, with a final stellar mass ∼ 1010.7M , has a very low gas fraction and has become passive (sSFR∼ 1012 yr−1).
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Figure 10. The evolution of an unbarred galaxy at z = 0 in the TNG100 simulation. The galaxy has similar z = 0 stellar mass that
the strongly-barred galaxy in Fig. 9. Maps are the same as for Fig. 9, showing the stellar component, the gas content and the SFR of
the galaxy at the same snapshots. Contrary to the strongly-barred galaxy, this galaxy features a very small disc at high redshift and
experiences a minor merger at z = 1. The stellar mass increases significantly with time and the gas content starts decreasing only at very
recent epochs.
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Figure 11. The evolution of the z = 0 strong bar properties and the evolution of the star formation rate in strongly-barred and unbarred
galaxies at z = 0 in the TNG100 simulation. Each column corresponds to a different stellar mass bin at z = 0, increasing from left to right.
Top and middle rows: The bar strength and bar length as a function of tnorm, as defined in eq. 4. The plots illustrate that, on average, the
bar strength and the bar length increase with time. Bottom panel : The evolution of the star formation rate (SFR) at different apertures
as indicated in the legend. The solids lines indicate the median SFR for the z = 0 strongly-barred galaxies, while the dashed lines indicate
the one for the z = 0 unbarred galaxies with the same stellar mass. The coloured regions represent the 20th and 80th percentiles of each
distribution. The inset plot shows the logarithmic SFR as a function of tnorm. For the strongly-barred galaxies, when the bar is settled,
the SFR decreases steeply over time, especially in the nuclear part. The SFR drop is more pronounced as the stellar mass bin increases.
4.3 The evolution of galaxy properties
We now move to the redshift evolution of the properties
of barred and unbarred galaxies, with the goals of explor-
ing the physical conditions in which the bar develops and
understanding the processes that lead to the quenching of
barred galaxies. We start by analysing the morphology evo-
lution of strongly-barred and unbarred galaxies. Both sam-
ples by construction, have similar median disc-to-total mass
D/T and bulge-to-total mass B/T ratios at z = 0 (Fig. 12,
top row). The time evolution of the galaxy morphology is,
however, very different in the two samples. Barred galaxies
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Figure 12. The evolution of galaxy properties for unbarred and strongly-barred galaxies at z = 0 in the TNG100 simulations. Each
column corresponds to a different z = 0 stellar mass bin, increasing from left to right. Top row : The evolution of B/T and D/T of
strongly-barred (solid lines) and unbarred galaxies (dashed lines) in terms of tnorm (eq. 4). At the epoch of bar formation (tnorm = 0),
z = 0 strongly-barred galaxies present a dominant disc component compared to z = 0 unbarred galaxies. At z = 0 (tnorm = 1), barred and
unbarred galaxies present similar morphology. Bottom row: The median growth of stellar and gas components within 2r50,∗ as a function
of tnorm. The coloured regions represent the 20th and 80th percentiles of each distribution. The gas mass decreases more steeply in z = 0
strongly-barred galaxies than the one in the z = 0 unbarred galaxies. The strongly-barred galaxies acquired most of their stellar mass
earlier than unbarred galaxies.
have already a well-established disc-dominated morphology
by the epoch of bar formation (tnorm = 0). In the most mas-
sive stellar-mass bin, we see clearly how the disc is rapidly
building up while the bar is settling in. Barred galaxies re-
tain their morphology as time evolves, remaining constantly
disc-dominated galaxies. Unbarred galaxies, instead, present
much higher B/T at early times, with much less defined disc
component. With time, unbarred galaxies undergo a signifi-
cant morphology evolution, with the disc component contin-
uing to grow until recent times, reaching median D/T values
similar to the ones of strongly-barred galaxies.
The bottom row of Fig. 12 shows the median growth of
stellar (red) and gas (dark blue) masses within 2r50,∗ for the
strongly-barred and unbarred galaxies, again for each of the
three stellar mass bins. We find a different evolution of the
strongly-barred galaxies and the unbarred galaxies in all the
stellar mass bins. While the two samples have similar stellar
masses at z = 0 (tnorm = 1), by construction, the stellar con-
tent of strongly-barred galaxies is found significantly larger
than the one of unbarred galaxies at the epoch of bar forma-
tion. At (tnorm = 0), the stellar mass in the strongly-barred
galaxies is higher than the one in the unbarred galaxies by
up to 0.4 dex. The stellar mass assembly is much faster for
the barred galaxy sample, while the unbarred galaxy sample
grows more gradually.
This is consistent with the results presented in the pre-
vious section, where we have shown that the typical SFR
of barred galaxies is larger at early times, during the bar
formation, and decreases rapidly later on. Unbarred galax-
ies, instead, show a SFR that drops weakly with time. The
evolution of the average gas content in the two samples of
galaxies also reflects this trend. At early times, when bars
are forming, barred galaxies display a larger gas content than
the unbarred control sample. Later on, at tnorm > 0, the mass
in gas for the strongly-barred galaxies significantly decreases
whereas for unbarred galaxies it steadily increases with time.
4.4 Star formation quenching within the central
disc
In the previous sections we have shown how the star forma-
tion rate (SFR) of barred galaxies strongly declines after bar
formation, and in particular at small apertures, and that this
trend is more striking in more massive galaxies. We further
explore the role of bars in influencing the star formation of
their host galaxies by looking at the efficiency of star forma-
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tion, SFE, inside and outside the bar extents, relative to the
globally averaged star formation efficiency. The star forma-
tion efficiency (SFE) within a given dr and at a given tnorm
is defined as:
SFE(dr) = SFR(dr)/Mcold(dr) (5)
where SFR(dr) is the star formation rate and Mcold(dr) is
the total mass of the star-forming gas cells within dr. We
normalise the SFE(dr) by using SFEgal as a factor of nor-
malisation, where SFEgal is the star formation efficiency of
the galaxy using 15 kpc outer boundary as a definition. If
SFE(dr)/SFEgal is close to 1, star formation in this given re-
gion is equally efficient as the total galaxy. If SFE(dr)/SFEgal
approaches 0, instead, the given region is not forming stars
while if it is above 1, star formation is higher than the
average within the galaxy. In Fig. 13 we show the evolu-
tion of SFE(dr)/SFEgal in two regions: inside the bar region
(0 < r < rbar(t)) and outside the bar (rbar(t) < r < 15kpc
). For times prior to tbar (tnorm < 0), we set a fixed aper-
ture of rbar = 2 kpc. To explore differences with the unbarred
sample, we also take the median SFE within the same bar
lengths (as defined by the strongly-barred sample) and at
the same times as described in subsection 2.5
From Fig. 13 we, first of all, see that outside the bar (yel-
low lines), the SFE(dr)/SFEgal is close to 1 for both barred
and unbarred galaxies, indicating that outside the bar the ef-
ficiency of star formation is similar to the average one within
the galaxy. This seems also to be independent of time, with
only some mild increase after the bar gets settled. Inside the
bar region, instead, the SFE(dr)/SFEgal decreases with time,
and this is independent of the galaxy presents a bar or not. In
the strong bar sample, however, the drop of SFE(dr)/SFEgal
happens earlier than for the unbarred sample. In particular,
the drop happens shortly after bar formation in the case of
the most massive galaxies5.
This result shows a possible scenario of bar quenching
of the galaxy central region, as the presence of a bar seems
to promote a rapid consumption of the central cold gas. We
underline, however, that more detailed conclusions could be
drawn when analysing the SFE(dr)/SFEgal at different aper-
tures within the bar. As we will further discuss later, we plan
to do so in future work, using the higher resolution of the
IllustrisTNG50. In section 5.2 we will also discuss the possi-
bility that gas could be heated or expelled by other physical
processes, such as AGN feedback.
4.5 Merger histories
To further explore differences in the evolution of strongly-
barred and unbarred galaxies at z = 0, in this last subsection
we explore the merger histories of the two samples. We trace
the history of each galaxy and count the number of major
and minor mergers experienced both before (tnorm < 0) and
after (tnorm > 0) the bar formation. We classify as major all
the mergers with the stellar mass ratio of the merging galax-
ies is f∗ ≥ 0.1, while minor mergers are defined for mass ra-
tios in the range 0.01 ≤ f∗ < 0.1. Masses are estimated at the
5 Note however that the bar age is, on average, larger for more
massive galaxies. The interval in physical time, corresponding to
∆tnorm = 1 is considerably shorter in less massive galaxies, consis-
tent with a fast quenching in such systems as well.
snapshot prior to the one in which the SubLink algorithm
considers the galaxies to have merged6. To ensure that struc-
tures have been properly followed, we only consider mergers
where both galaxies have a stellar mass larger than 109M
(∼ 1000 initial mass of gas cells).
Fig. 14 summarises the results: both the strongly-barred
and unbarred galaxies present similar quiet merger histories
with a null or a small fraction of galaxies that experience at
least a major merger before and after the bar appears (left
panels). We note that the most massive galaxies in our sam-
ple present (M∗ = 1010.8−11M, bottom left panel) the high-
est fraction of unbarred galaxies that experience at least one
major merger (30 per cent before and after the bar forms)
whereas strongly-barred galaxies present a lower fraction (0,
10 per cent before and after the bar forms respectively).
The right panels of Fig. 14 also show the fraction of
galaxies that experience at least one minor mergers at times
prior to the epoch of bar formation. There is no clear
difference between strongly-barred and unbarred galaxies.
For instance, 1 per cent of unbarred galaxies with M∗ =
1010.4−10.6M, experiences at least one minor merger against
a null fraction of strongly-barred-galaxies. Oppositely, in the
stellar mass bins M∗ = 1010.6−10.8, 1010.8−11M, null frac-
tion of unbarred galaxies do not experience a minor merger
against a fraction of 0.13 and 0.20 in strongly-barred galax-
ies. The large difference is present at times after the bar
formed. The fraction of unbarred galaxies with at least one
minor merger is 0.05, 0.28 and 1 for the stellar mass bins
M∗ = 1010.4−10.6, 1010.6−10.8, 1010.8−11M respectively. These
fractions are systematically higher than the fractions of
strongly-barred galaxies ( 0.04,0.17,0.20 ) in all the stellar
mass bins.
The results suggest that all galaxies in these mass
bins,regardless of bar strength, have quiet merger histories
and are dominated by minor mergers (see also Rodriguez-
Gomez et al. 2015; Izquierdo-Villalba, et al. 2019). In par-
ticular, we find that the frequency of unbarred galaxies that
experience at least one minor merger is higher than that of
strongly-barred galaxies at times after the bar formation.
5 DISCUSSION
In the previous sections, we have presented the properties
of the bar structures found in the z = 0 disc galaxies of
the simulation TNG100. We have studied their cosmological
evolution as well as the properties of their host galaxies. In
parallel, we have analysed the evolution of a control sample
of unbarred disc galaxies, with a similar stellar mass and
morphology at z = 0. In this section, we bring together all
our results to discuss what we can conclude about the con-
ditions that lead to bar formation and strengthening and
about the role of bars in quenching the central regions of
the host galaxies. We conclude the section with an outlook
on planned future work.
6 We find Similar results when the stellar mass ratio is considered
at the moment that the secondary galaxy reaches its maximum
stellar mass in the past. Although, there is overall a small increase
in the fraction of galaxies that experience one or more mergers.
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Figure 13. The median evolution of the normalised star formation efficiency, SFE(dr)/SFEgal, inside (blue lines) and outside the bar
(yellow lines) for z = 0 barred and strongly-barred galaxies in the TNG100 simulation. Dashed lines represent z = 0 unbarred galaxies and
solid lines, z = 0 strongly-barred galaxies. Each panel corresponds to a different z = 0 stellar mass bin. The coloured regions represent the
20th and 80th percentiles of each distribution. The figure highlights the strong quenching of the internal part of the z = 0 strongly-barred
galaxies during the evolution of the bar in comparison to the external regions and the z = 0 unbarred galaxies.
5.1 What are the conditions to form a strong bar
in a disc galaxy?
In section 4.3, we have seen that during the onset of bar
formation (−0.2 < tnorm < 0) the stellar disc component has
already assembled (see Fig. 12), presenting periods of in-
tense star formation. By the time the bar is fully formed,
a large disc has already grown and is by far the dominant
component of the galaxy, with typical bulge-to-total ratios
below 0.2. The galaxy morphology in the strongly-barred
sample remain largely unaltered afterwards. The lack of a
sufficiently large stabilising bulge component could be one of
the key ingredients for the development of strong bars (e.g.,
Kataria & Das 2018). Disc galaxies that do not present a
bar at z = 0 have a much different morphological evolution,
with a much less dominant disc component at early times.
The fact that bars form in early assembling discs could im-
ply that the location in the cosmic web could be a key factor
in setting the physical conditions that favour the develop-
ment of bar instabilities. Mendez-Abreu, et al. (2012) study
the bar fraction as a function of stellar mass for three dif-
ferent environments from the field to Virgo and Coma clus-
ters. They find that the bar fraction in the clusters, overall,
is higher than that in the field. Also, the peak in the bar
fraction as a function of the stellar mass is shifted towards
massive galaxies for barred galaxies in clusters than those in
the field. Mendez-Abreu, et al. (2012) interpret their results
as evidence of the possible effects of the environment in the
bar formation.
Together with early growth of the large scale disc, nu-
clear feedback can also contribute to limiting the bulge
growth and lead to bar growth. Bonoli, et al. (2016) and
Zana, et al. (2018b) analyse different runs of the Eris suite
of simulations and concluded that central feedback from an
accreting black hole or star-forming regions could be impor-
tant in shaping galaxy morphology and setting the dynam-
ical conditions that lead to bar formation.
In Fig. 15 we show the average time evolution of var-
ious properties of the supermassive black holes (SMBHs),
their energy rate released kinematically into their surround-
ings for both barred and unbarred galaxies. We can see that
the median mass of SMBHs hosted by the strongly-barred
galaxies (first row) is systematically higher at high redshift
than the one hosted by unbarred galaxies. Early growth of
the central SMBH, connected to larger AGN feedback at
an early time, could contribute in maintaining the bulge of
barred galaxies small. As we will further discuss later, a de-
tailed analysis of the feedback processes and the small scale
physics happening during the phase of bar formation will be
the topic of a follow-up paper that will take advantage of
the higher resolution of the TNG50 simulation.
5.2 What drives the quenching of the central
part in strongly-barred galaxies?
Once the bar forms and is a systematic growing structure,
the non-axisymmetric gravitational potential is expected to
affect the gas inside it. In an axisymmetric gravitational po-
tential (such as a stellar disc), the gas will eventually follow
it and move in circular orbits. The dynamics of the gas be-
comes more complex by the presence of a bar (e.g., Athanas-
soula 1992; Maciejewski, et al. 2002; Fragkoudi, et al. 2016).
A general picture is that the gas is torqued by the bar and
funnelled into the inner Lindblad Resonance or pushed to-
wards the outer Lindblad Resonance. The gas then will be
shocked and will end up in a rapid burst of star formation
or feeding the supermassive black hole located at the galaxy
centre (Maciejewski 2004; Fanali, et al. 2015). Depending on
the evolution of the strength and length of the bar, rings or
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Figure 14. Mergers Histories of z = 0 strongly-barred (blue) and
z = 0 unbarred galaxies (green). The left part of the plot shows the
fraction of strongly-barred (unbarred) galaxies that experiences
at least one major merger at times prior to the bar formation
(−0.25 < tnorm < 0, left histograms) and at times after the bar for-
mation (tnorm ≥ 0, right histograms). The right part of the plot,
instead, shows the fraction of strongly-barred (unbarred) galax-
ies that experiences one or more minor mergers. The strongly-
barred galaxies present similar quiet merger histories than their
unbarred-counterparts except for times after the bar formation.
Unbarred galaxies seem to have more active minor merger histo-
ries at later times.
spirals will form close to the inner or outer Lindblad Reso-
nance (Athanassoula 1992b).
From Fig. 11, it is clear that strongly-barred galax-
ies present higher star formation rates while the bars as-
semble, especially for the galaxies with a stellar mass of
log10(M∗/M) = 10.6 − 11. Once the strong bars settle
down and continue to grow in strength and length, the SFR
sharply decreases and is more pronounced at the central part
of the galaxies (< 2−5 kpc). The drop in the SFR of strongly-
barred galaxies is extremely clear when compared with the
slowly decaying star formation rates of unbarred galaxies
across time, at a fixed z = 0 stellar mass. Similarly, Fig. 13
shows that the normalised efficiency of the gas to be con-
verted into stars declines sharply after bar formation within
the bar extent. In contrast, the star formation efficiency in
an aperture equal to the bar length decreases more steadily
with time for the unbarred galaxies. Also, this behaviour in
the star formation efficiency is very different in the region
outside the bar since it remains mostly flat across time for
both strongly-barred and unbarred galaxies.
The results described above suggest that the bar could
play a role in the gas exhaustion and star formation quench-
ing (especially in the nuclear part) of the z = 0 strongly-
barred galaxies (in agreement with Gavazzi, et al. 2015;
Kim, et al. 2017), consistently with other theoretical re-
sults. Spinoso, et al. (2017), for example, highlight the role
of the bar in leaving the central part of the galaxy quenched
in the ErisBH simulation. Furthermore, Khoperskov, et al.
(2018) study systematically isolated gas-rich galaxies with
and without a bar and the response of the gas. They find
that, in isolated barred galaxies, the star-formation effi-
ciency decreases rapidly in comparison with isolated un-
barred galaxies. They also show that in their idealised galax-
ies quenching in the nuclear part is driven by the bar. Note,
however, that their study does not include any AGN feed-
back prescription.
Indeed, other physical processes could be simultane-
ously affecting the dynamics of the gas, such as supernovae
and AGN feedback. We speculate that, within the TNG
model, bar evolution and AGN feedback may play in concert
at determining the central gas content and star formation ac-
tivity. Fig. 15 (second row), we show the median BH energy
rate released kinematically into the ISM (low accretion rate,
kinetic wind mode), ÛEBH,kin, and the specific BH accretion
rate ( ÛMBH/MBH) and the central sSFR (≤ 5 kpc;third row).
As we can see in the third row, the sSFR and the specific
BH accretion rates follow a similar evolution. Note, however,
that the fall in sSFR is sharper in comparison with the fall in
specific BH accretion rates for the barred galaxies after the
bar formation. The median energy rate is higher in strongly-
barred galaxies than the median in unbarred galaxies all the
time. This is expected because of the early growth of the BHs
hosted by z = 0 strongly-barred galaxies as previously dis-
cussed. Interestingly, Weinberger, et al. (2018), by studying
the SMBHs of the total population of the TNG100 simula-
tion, find that the average ÛEBH for SMBHs hosted by galax-
ies in a similar stellar mass range (M∗ = 1010.5−11M) at
z = 0 is about 1042.5erg s−1 (see their Fig. 1) which is similar
to the rates for the strongly-barred sample. However, while
their average population is still star-forming (with the aver-
age SFR ∼ 0.3M yr−1), our strongly-barred galaxy sample
becomes quiescent. We speculate that AGN feedback plays
a secondary, or at least ancillary, role in the quenching of
strongly-barred galaxies. However, a deep study is required
to assess causality and the interrelationships among bar for-
mation, AGN feedback and quenching.
5.3 Outlook
As we mentioned previously, the resolution of the TNG100
allows to capture the physics above scales of ∼ 1 kpc. While
this is enough for a general analysis of bar structures and
their evolution within the most massive galaxies, higher res-
olution is necessary to properly follow the first stages of the
bar build up, as well as the fate of the gas in the very nuclear
regions of the galaxy. We plan to do a step forward in this
direction in a future work, where we will focus on the anal-
ysis of bars in the higher resolution run TNG50 (Pillepich,
et al. 2019; Nelson, et al. 2019), where we can both probe
smaller scale dynamics, as well as exploring the bar popu-
lation in the lower galaxy mass regimes. Then, we will try
to disentangle the physical mechanisms at play and their
interrelations, both within the fiducial TNG model as well
as by exploiting model variations for different assumptions
on AGN feedback: do bars form because AGN feedback pro-
duces the right physical conditions for their formation? Is the
presence of the bar stimulating gas accretion onto BHs and
hence enhancing their feedback? Would there be quenching
via bar formation without BH feedback at all? Namely, does
BH feedback really have a secondary role in the quenching
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Figure 15. The evolution of SMBHs. From left to right increases with stellar mass. First row: The median SMBH growth as a function
of time for z = 0 strongly-barred (solid lines) and z = 0 unbarred galaxies (dashed lines) in the TNG100 simulation. Second row: The
median energy rate from the SMBH injected kinematically into the surrounding interstellar medium (kinetic mode, green). Third row:
The median specific BH accretion rate and specific star formation rate within 5 kpc as a function of time. The coloured regions represent
the 20th and 80th percentiles of each distribution. The figure shows the possible link between BH growth, bar formation and subsequent
star formation quenching.
of strongly-barred galaxies? Or rather is bar formation able
to trigger BH feedback also at low BH masses?
Another interesting aspect not included in this work is
the analysis of the physical processes that lead to bar de-
struction. By construction, we have analysed here only bars
that survive until the present epoch. However, we expect
a large population of bars that develop at an early time
and do not survive until today. The processes advocated
for bar weakening or, even destruction, are (i) dynamical
interactions with external objects, such as mergers or fly-
bys (e.g., Zana, et al. 2018b; Peschken & Lokas 2019) that
have been shown to be often, either temporarily, or defini-
tively, destructive for non-axisymmetric structures (ii) bar
suicide mechanism, in which the strong gas inflows driven by
the bar itself are able to deeply reshape the galactic poten-
tial and make it, consequently, bar-stable (e.g., Norman, et
al. 1996), and (iii) bar buckling mechanism that makes the
bar evolve on the perpendicular axis, via vertical instabili-
ties (e.g., Combes & Sanders 1981; Debattista, et al. 2004).
Higher resolution simulations are needed to properly analyse
this kind of dynamical processes (e.g., Merritt & Sellwood
1994; Sellwood & Merritt 1994) that will be an important
subject of a future analysis.
Finally, we have pointed out how local feedback pro-
cesses, such as from SN or AGN, can influence dramati-
cally the physical conditions of the galaxies, thus setting
favourable or adverse conditions for bar formation (e.g.,
Zana, et al. 2019). The parallel analysis of large cosmological
simulations with different feedback prescriptions could offer
important insight into how local processes couple with the
conditions set by the large scale environment and influence
the development of bar structures.
6 SUMMARY
In this paper, we have investigated the properties
and the buildup of strongly-barred galaxies using the
ΛCDM magneto-cosmological hydrodynamical simulation
TNG100 from the IllustrisTNG project. The simulation
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evolves a comoving region of 110.7 cMpc on a side with an
initial number of particles and gas cells of 2 × 18203 and
does so with a model for galaxy formation physics which has
been shown to reasonably reproduce many galaxy observ-
ables (Pillepich et al. 2018a; Nelson et al. 2018a; Naiman
et al. 2018; Springel, et al. 2018; Marinacci, et al. 2018).
The resolution of the simulation allows the exploration of
bar formation in a cosmological context, something that was
out of reach until recently. Our study concentrates on well-
resolved galaxies (with more than 104 stellar particles, or
M∗ > 1010.4M within r50,∗). From the entire galaxy sample,
we select 270 disc galaxies with clear morphology and with a
dominant disc component (D/T ≥ 0.5), as obtained through
a kinematic decomposition (Genel et al. 2015).
To identify barred galaxies, we Fourier decompose the
face-on stellar surface density and calculate the second term
as a function of the cylindrical radius. We define the peak of
the amplitude, A2,max, as a proxy for the bar strength and
the location of the peak as a proxy for the bar length rbar. We
consider barred galaxies all disc galaxies with A2,max ≥ 0.2,
rbar > 1 and with a phase of A2 constant inside rbar. These
are our main findings on the properties of the bars and the
parent galaxies:
• 40 per cent of our disc galaxies are barred, with 22 per
cent being strong bars and 18 per cent weak bars. Those
bar fractions are in reasonable agreement with observational
studies (Barazza, et al. 2008; Nair et al. 2010) and also
with previous theoretical studies (Algorry, et al. 2017). We
also find that the bar fraction increases with increasing stel-
lar mass as also concluded by several observational studies.
(Fig. 6). Massive galaxies tend to have older bars, with 50
per cent of our strong bars having formed between z = 0.5
and z = 1.5.
• The bar lengths in our sample span between 2 and 6 kpc
(Fig. 5). We compare the relation between the bar length
and galaxy sizes to observational estimates (Gadotti 2011),
finding a reasonable agreement between them (Fig. 7).
• Barred galaxies present lower gas-to-stellar mass ratios
in comparison with the unbarred sample, and the difference
is significantly more pronounced for more massive galaxies
(Fig. 8). Similarly, looking at the sSFR-stellar mass diagram,
barred galaxies with a stellar mass larger than 1010.6M
present significantly lower sSFR than their unbarred coun-
terpart, with values typical of quenched galaxies. Unbarred
galaxies, instead, tend to be located on the main sequence
of star-forming galaxies (Fig. 8).
To investigate the processes that lead to bar formation
and quenching of barred galaxies at z = 0, we track the
history and past properties of strongly-barred galaxies and
compare to the history of the unbarred sample. These are
our main results:
• The majority of z = 0 strong bars develop between
z = 0.5 and z = 1, with the age of the bar depending on stel-
lar mass (with a large scatter). After formation, the strength
and the length of the bar generally grow steadily until reach-
ing the local value (Fig. 11).
• During the epoch of bar formation, barred galaxies are
active with a high star formation rate in the nuclear region
(< 2 kpc) and once the bar forms and grows enough, the
star formation rate drops rapidly becoming quenched. We
also follow the nuclear star formation from unbarred galax-
ies, finding that, unlike strongly-barred galaxies, their star
formation decreases slower in time.
• We find the build-up of strongly-barred galaxies differs
from unbarred galaxies (Fig. 12), also at fixed galaxy stellar
mass. Strongly-barred galaxies rapidly develop a prominent
disc component and small spheroidal component that pro-
motes the formation of the bar. On the contrary, the un-
barred galaxies present a slightly more massive spheroidal
component and smaller disc component. It also takes a
longer time for unbarred galaxies to develop their disc com-
ponent. Both unbarred and strongly-barred galaxies, se-
lected to have similar z = 0, end up with similar morpholo-
gies at z = 0 apart from the most massive galaxies. However,
strongly-barred galaxies grow more rapidly in stellar mass
than their unbarred counterparts, namely their stellar mass
assembly occurs at earlier times. Furthermore, they contain
less mass in gas than unbarred galaxies after bar formation.
• We calculate the star formation efficiency of the gas
inside the bar region and outside the bar (Fig. 13). We nor-
malise the star formation efficiency by the star formation
efficiency of the galaxy within 15 kpc, SFE(dr)/SFEgal. We
find a sharp drop in the star formation efficiency inside the
bar region after the formation of the bar. This effect is more
pronounced in more massive galaxies. Whereas in the re-
gion outside the bar, the star formation efficiency does not
show significant change across time. Similarly, we also cal-
culate the star formation efficiency in unbarred galaxies in
a region which corresponds to the length of each strong bar.
Unlike unbarred galaxies, the star formation efficiency in-
side the bar region gradually decreases with time. This is a
signature that the former has undergone a rapid quenching
process, while the latter has not.
• Strongly-barred and unbarred galaxies present quiet
merger histories (Fig. 14) dominated by minor mergers.
Compared to the strongly-barred galaxies, the unbarred
galaxies may be more active after the epoch of bar forma-
tion.
The results presented in this paper demonstrate, first
of all, that the TNG model naturally leads to the formation
of strong bars and, secondly, that the formation and growth
of strongly-barred disc galaxies at z = 0 significantly differ
from disc galaxies that have not developed a bar with the
same stellar mass. The early assembly history of the galaxies
seems to play an important role in setting the physical con-
ditions that lead to bar formation. Our results on the prop-
erties of the bar structures at z = 0 and on the star formation
and gas content of their galaxies fall within the ballpark of
observational results (Masters, et al. 2012; Cervantes-Sodi
2017; Gavazzi, et al. 2015). This remarks the potential of
the current generation of cosmological hydrodynamical sim-
ulations to study the bar population in a cosmological con-
text. Even higher resolution runs will allow a more detailed
analysis of the dynamical build up of bars as well as the
study of gas evolution and star formation well within the
extent of the bar, as well as, within the galaxy as a whole.
In upcoming papers, we will exploit the TNG50 simulation
to extend these findings to lower stellar masses and to disen-
tangle the casual relationships between bar formation, BH
feedback and star-formation quenching.
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